Restoration of Contractile Function in Isolated Cardiomyocytes From Failing Human Hearts by Gene
Transfer of SERCA2a 2ϩ from the sarcoplasmic reticulum (SR) through ryanodine receptors, resulting in activation of the contractile proteins. In human cardiomyocytes, the removal of Ca 2ϩ from the cytoplasm is governed mainly by the SR Ca 2ϩ ATPase (SERCA2a) pump and to a lesser extent the Na/Ca exchanger. 1 Cardiomyocytes isolated from failing human hearts are characterized by contractile dysfunction, including prolonged relaxation, reduced systolic force, and elevated diastolic force. [2] [3] [4] [5] These contractile abnormalities are paralleled by abnormal Ca 2ϩ homeostasis, such as reduced SR Ca 2ϩ release, elevated diastolic Ca 2ϩ , and reduced rate of Ca 2ϩ removal. 6 In addition, failing human myocardium is characterized by a frequency-dependent decrease in systolic force and Ca 2ϩ , as opposed to normal myocardium, in which an increase in pacing rate results in potentiation of contractility and an increase in SR Ca 2ϩ release. 3,6 -8 In the failing heart, the
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decrease in SR Ca 2ϩ load has been linked to a decrease in SERCA2a function. 9 However, there has been long-standing controversy as to whether the protein level of SERCA2a is decreased in failing human hearts. 1,6,9 -12 In addition, because human cardiomyocytes rely on the SERCA2a pump to a lesser degree than do rodents (Ϸ60% versus Ϸ90%), the direct implication of a reduction in SERCA2a activity in human failing hearts for overall contractile function has not been clear. In this study, we overexpressed SERCA2a by adenoviral gene transfer in viable human cardiomyocytes from failing and nonfailing human hearts.
Methods
Failing human ventricular myocardial tissue was obtained from 10 explanted hearts (5 ischemic and 5 dilated cardiomyopathy) and nonfailing tissue from 3 donor hearts. Myocytes were isolated from 1 g of endocardial tissue removed from the free wall of the left ventricle by enzymatic digestion as previously described. 5 The proportions of rod-shaped viable cells at the time of isolation were 28Ϯ5% (nϭ10) for failing and 35Ϯ8% (nϭ3) for nonfailing cardiomyocytes (PϾ0.1), and at 24 hours after infection, they were 19Ϯ6% (nϭ10) and 24Ϯ7% (nϭ3) (PϾ0.1). After isolation, the cells were resuspended in F10 medium with 0.164 U/100 mL insulin, 50 U/mL penicillin, and 50 U/mL streptomycin, equilibrated to pH 7.4 and infected with the adenoviruses at a multiplicity of infection (MOI) of 100. Two first-generation type 5 recombinant adenoviruses were used in the study: Ad.GFP, which carries the green fluorescent protein under the control of the cytomegalovirus promoter, and Ad.SERCA2a, which carries both the SERCA2a and GFP genes, each under the control of separate cytomegalovirus promoters. After 24 hours, myocytes were placed in a flow chamber on the stage of an inverted microscope, superfused with oxygenated Krebs-Henseleit solution, and electrically stimulated with biphasic pulse (0.2 Hz, 50% above threshold). 5 Contraction amplitude and rates of contraction and relaxation were recorded online with a video edge-detection system and data acquisition software (Ion Optix). The fluorescent Figure 1 . a, After isolation, failing human cardiomyocytes were infected with Ad.SERCA2a. Twenty-four hours after infection, a cardiomyocyte is visualized with white light and at 510 nm with single excitation peak at 490 nm of blue light. Coexpression of GFP demonstrates visually that SERCA2a is being expressed in cell. b, Recordings from cardiomyocytes isolated from donor nonfailing heart and from failing heart infected with either Ad.GFP or Ad.SERCA2a, stimulated at 1 Hz at 37°C. Failing cell had a characteristic decrease in contraction and prolonged relaxation along with a prolonged Ca 2ϩ transient. Overexpression of SERCA2a in failing cardiomyocyte normalized these parameters. c, Recordings from same cardiomyocytes as in b stimulated at increasing frequencies. Failing cardiomyocyte demonstrated a decrease in contraction amplitude and an increase in diastolic tone and Ca 2ϩ . Overexpression of SERCA2a restored frequency-dependent increase in contraction amplitude and mitigated increase in diastolic Ca 2ϩ and length.
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Ca 2ϩ indicator fura 2 (Molecular Probes) was used to measure intracellular Ca 2ϩ with a dual-excitation spectrofluorometer (IonOptix) as described previously. 13 We isolated SR membranes from ventricular myocytes, and SERCA2a activity assays were carried out on the basis of a pyruvate/NADH coupled reaction at [Ca 2ϩ ] of 10 mol/L as previously described. 13 SDS-PAGE was performed on the isolated membranes under reducing conditions on a 7.5% separation gel with a 4% stacking gel and immunoblotted with 1:2500 diluted monoclonal anti-SERCA2 antibody (Affinity BioReagents). The blot was then incubated in a chemiluminescence system and exposed to an X-OMAT AR x-ray film (Fuji Films) for 1 minute. Data were presented as meanϮSD and were analyzed with a 1-way ANOVA, with statistical differences identified at PϽ0.05.
Results
The coexpression of GFP allowed us to identify the cells that were infected and expressing the transgene (Figure 1a) . Figure 1b shows Figure 1c , increasing the frequency of stimulation in nonfailing cardiomyocytes induced an increase in contraction and intracellular Ca 2ϩ with little change in diastolic Ca 2ϩ . In failing cardiomyocytes, increasing the frequency of stimulation induced a decrease in contraction and a large increase in diastolic cell length and diastolic Ca 2ϩ . Overexpression of SERCA2a in failing cardiomyocytes restored the frequency response, with increasing contraction at increasing frequencies. However, at high stimulation frequencies (2 Hz), both diastolic Ca 2ϩ and cell length increased, but to a lesser degree than in failing cardiomyocytes infected with Ad.GFP. To verify that overexpression of SERCA2a in the human cardiomyocytes resulted in enhanced SERCA2a expression and in increased SR pump activity, we also examined immunoblots from infected cardiomyocytes and measured enzymatic activity of the SERCA2a. As shown in Figure 2 
Discussion
Cardiac myocytes from failing human hearts of any etiology show a significant impairment of velocities of contraction and relaxation under low stimulation rate, and an alteration of contraction amplitude occurs at higher frequencies of stimulation than with nonfailing myocytes, [13] [14] [15] contributing to the systolic and diastolic dysfunction in failing hearts. Abnormalities of the Ca 2ϩ uptake by SERCA2a have been shown both in animal models of heart failure and in humans to account for the described functional abnormalities. Restoring the protein levels and function therefore represents a strategy to revoke the defects. Overexpressing SERCA2a was shown to reverse the contractile abnormalities of failing hearts, as we and others have validated in animal models. [13] [14] [15] Transgenic mice overexpressing SERCA2a were characterized by higher myocardial contractility, including increased rates of pressure development for contraction and relaxation. 16, 17 Furthermore, in animal models in vivo, overexpressing SERCA2a improved contractile parameters, 18 indicating that enhancing contractility at the cellular level does translate into improved ventricular performance. However, species-dependent differences need to be evaluated in the interpretation of a model and its translation to pathophysiology in humans. In particular, species-dependent differences are known to exist at the level of the SR in terms of Ca 2ϩ removal during relaxation. Therefore, it was not clear whether gene transfer of SERCA2a could be used to restore contractility in human cardiomyocytes isolated from failing hearts. The difficulties in manipulating human myocytes, especially from diseased hearts, have thus far limited studies on the feasibility and efficacy of gene therapy in humans, with a growing experience in animal models. In this study, we were able to overexpress SERCA2a in human cardiac myocytes, and we showed that this translated into a normalization of the major characteristic abnormalities of contraction and calcium handling at the cellular level with an enhanced contraction amplitude and velocities of contraction and relaxation, an increase in peak Ca 2ϩ , and abbreviation of the calcium transient.
Heart failure continues to be a growing health problem in the United States, especially as the population ages. Up to now, treatment regimens can slow the progress of the disease without clearly reversing it. 19 Gene-based therapies and targeting specific pathways in human heart failure may offer a new modality for the treatment of this disease. Overexpression of SERCA2a increases contractility in the short term, but whether targeted gene transfer has long-term benefits, as opposed to the long list of failed inotropic agents, is not yet known. Further experimental work will be necessary to validate the premise that improving contractile parameters at the cellular level can affect overall ventricular performance and survival in heart failure.
